Abstract
Fifty-four major streams discharging directly to the Gulf of Mexico and having drainage areas exceeding 200 square miles were identified in the United States. Forty-four U.S. Geological Survey streamflow-gaging stations along the Gulf of Mexico with at least 40 years of daily streamflow data also were identified. These stations include most of the major streams and comprise 95 percent of the drainage area to the Gulf from the United States.
Daily mean values of continuously monitored streamflow were aggregated, annually and monthly, for selected stations. The mean, minimum, and maximum values were determined for the aggregated data for each station.
Statistical and graphical representations of temporal trends in streamflow are given for stations included in this report. Substantial percentage changes in annual and monthly streamflow between early (before 1963) and late time periods describe long-term temporal trends in streamflow for most of the 44 long-term stations. Graphical representations of long-and short-term temporal trends are presented for total gaged annual mean streamflow for each of 12 segments dividing the Gulf Coast.
Temporal trends in streamflow were related to major factors that affect streamflow: precipitation, land use, withdrawals of surface water, reservoir operations, and other factors. Low-and highstreamflow periods are related to extremes in precipitation; substantial increases in streamflow are associated with urbanization; decreases in streamflow are coincident with increases in withdrawals of surface water; and increases in minimum streamflows and decreases in maximum streamflows are associated with increases in the number of reservoirs. Other factors (springflow, soil composition, and effluent discharges) affect monthly minimum streamflow for some stations.
Seasonal or monthly distributions of streamflow were determined for each of the 44 long-term stations; months with high or low streamflow are presented for each station. Precipitation is the primary factor that affects the distributions of streamflow. Other factors that affect streamflow distributions include land use in urban areas, withdrawals of surface water for irrigation, and reservoir operation.
INTRODUCTION
In response to a growing concern about the declining ecological condition of the Gulf of Mexico, the U.S. Environmental Protection Agency initiated the Gulf of Mexico Program (GMP) in 1991 to develop and implement a plan to protect and manage the marine resources of the Gulf. The GMP consists of several technical committees. This report has been prepared by the U.S. Geological Survey (USGS) in cooperation with the Freshwater Inflow Committee of the GMP.
Protection and management of the marine resources of the Gulf of Mexico are critically linked to freshwater inflow (streamflow) to the Gulf. Many marine species are sensitive to changes in salinity, sediment loads, and other water-quality constituents dependent on streamflow. Diversity of marine life in the Gulf is limited by the sensitivity of species to variations in streamflow (Britton and Morton, 1989, p. 203-204) . Because streamflow affects water quality and marine life of the Gulf, a directive of the Freshwater Inflow Committee was to perform a study that would identify data pertinent to streamflow to the Gulf and determine temporal trends and distributions of that streamflow.
Summary of Previous Investigations
The study for the Freshwater Inflow Committee was conducted in four parts. The first part of the study identified available data regarding streamflow to the Gulf; identified existing regulations affecting streamflow to the Gulf; divided the area contributing streamflow to the Gulf into 12 hydrologic segments based on State boundaries, stream drainage, and major geographic divides between receiving bays and estuaries; and determined historical trends in annual streamflow totheGulf (Slade, 1992) .
The second part of the study consisted of case studies of temporal trends in annual streamflow for each of four basins that discharge to the Gulf: the Nueces and Trinity River Basins in Texas, the Pearl River Basin in Mississippi and Louisiana, and the Apalachicola River Basin in Georgia, Alabama, and Florida. Temporal trends in annual streamflow were determined for many streamflow-gaging stations within each of these basins. For each basin, trends in annual streamflow were compared to trends in annual precipitation, to withdrawals of surface water, and to reservoir development within that basin.
The third part of the study determined temporal trends in monthly streamflow for each of 44 USGS streamflow-gaging stations along the Gulf Coast with at least 40 years of record. These trends were compared to expected changes in streamflow caused by factors that affect streamflow: precipitation, land use, withdrawals of surface water, reservoir operations, and other factors.
The fourth part of the study determined distributions of monthly streamflow for the entire period of record for each of the 44 long-term gaging stations and, as done for the third part of the study, related these distributions to factors that affect streamflow. Distributions were represented by 10th, 25th, 50th, 75th, and 90th percentile values of monthly streamflow for the entire period of record for each of the stations. Boxplots were constructed to graphically represent these percentile values for each station.
Purpose and Scope
The purpose of this report is to summarize the approach and findings of the study performed for the Freshwater Inflow Committee of the GMR Streamflow data analyzed in this study were obtained from the USGS national data base National Water Information System (NWIS). The data represent streamflow proximate to the Gulf Coast and streamflow that has been monitored daily for at least 40 years. These data are from streamflow-gaging stations on streams whose drainage areas collectively represent about 95 percent of the total drainage area from the United States to the Gulf. Slade (1992) Other agencies identified by Slade (1992) , which probably have only minimal effects on streamflow regulation to the Gulf, are the U.S. Fish and Wildlife Service and (in Texas) the Angelina and Neches River Authority and the Lower Colorado River Authority.
Regulations Affecting Streamflow to the Gulf

METHODS OF ANALYSES
Statistical and graphical methods of analyses, as defined in this section, were used to represent temporal trends and distributions in streamflow for stations included in this report. Daily mean values of continuously monitored streamflow were aggregated, annually and monthly, for selected stations. Therefore, 1 annual value and 12 monthly values exist for every year of streamflow data for a station. The mean, minimum, and maximum values (streamflow perspectives) were each determined for the aggregated data for each station.
Statistical Method
Annual and monthly streamflow data for the entire period of record for each of the 44 long-term stations were divided into two equal time periods, and the change in mean streamflow between the two periods was calculated. The "early" period of record is that prior to 1963 (water year), and the "late" period of record is from 1963 through 1990 (water year) or the date that the latest data are available. Substantial changes in mean streamflow between the early and late periods were identified for annual and monthly streamflow for each station. The term "substantial" change in streamflow is used in this report to indicate an increase of at least 50 percent or a decrease of at least 20 percent in mean streamflow between the early and late periods. A substantial change in mean streamflow between the two periods is considered to represent a long-term temporal trend in streamflow for a station.
Seasonal or monthly distributions of streamflow were determined for each of the 44 long-term stations for each streamflow perspective. The 2 months with the highest streamflow in the seasonal distribution cycle are indicated with a positive (+) sign and the 2 months with lowest streamflow are indicated with a negative (-) sign.
Graphical Methods
Two graphical methods were used to determine temporal trends. A "best fit" straight-line regression of the data represents a long-term trend that can indicate an increase or decrease in streamflow over the entire period of record for a station. The LOcally WEighted regression and Smoothing Scatterplots (LOWESS) technique, as identified by Cleveland (1979) , represents a short-term trend that can indicate an increase or decrease in streamflow for short time segments during the period of record. The graphical long-term trend, therefore, is represented by a straight line and the shortterm trend by a curvilinear line. Annual mean streamflow during 1947-86 for the 44 long-term stations was totaled, by segment, for each of the 12 hydrologic segments dividing the Gulf Coast. Graphs of temporal trends of the total gaged annual mean streamflow for each segment were prepared by Slade (1992) and are included in this report.
SUMMARY OF STREAMFLOW DATA
Almost all data concerning the quantity and quality of streamflow to the Gulf of Mexico historically have been collected by the USGS as part of the FederalState Cooperative and National Stream Quality Accounting Network (NASQAN) Programs.
Quantity
The USGS maintains an extensive data base on streamflow data throughout the United States. Data collection began over 100 years ago, and at present there are about 7,400 streamflow-gaging stations in the United States (Paulson and others, 1991, p. 11) . The USGS collects and publishes daily streamflow for these stations in cooperation with Federal, State, and local agencies. Slade (1992) identified 54 streams that discharge directly to the Gulf of Mexico and have drainage areas exceeding 200 mi2. USGS stations are located on the lower reaches of each of these streams, therefore the streamflow at these stations comprises most of the freshwater inflow to the Gulf from these streams. The periods of record of daily mean streamflow data for these stations range from 21 to 73 years. Forty-four stations with at least 40 years of record are located near the Gulf Coast ( fig. 1 ). These stations include most of the major streams and comprise 95 percent of the drainage area to the Gulf from the United States. The name, location, period of record, and drainage area for each station is presented in table 1. A unique eight-digit number is assigned by the USGS to each station. In this report, the 44 long-term stations are assigned station sequence numbers, sequentially numbered 1 to 44 from west to east. The USGS station numbers and station sequence numbers for each station are listed in table 1. The station sequence numbers will be referred to as station numbers hereafter in this report.
Quality
The USGS collects and publishes daily and periodic values for water-quality data. Daily values of dissolved solids, suspended sediment, dissolved oxygen, pH, and water temperature exist for many of the stations within 200 mi of the Gulf Coast on the 54 major streams. Daily values of dissolved solids are calculated from measurements of specific conductance. The period of record and number of years of data for the streamflow and water-quality data are presented in table 2. Data for some streams were collected at more than one site. Periodic values for nutrients, bacteria, major and minor ions, organics, and radiochemical analyses are available for many of these streams. Data for most of these water-quality constituents are collected infrequently typically about four to eight samples per year. However, an assessment of the nutrient data available at stations near the Gulf Coast reveals that a large data base exists for nitrogen and phosphorous measurements (table 3) . This table presents analyses available after 1968; data prior to this date are excluded because of changes in laboratory procedures for analyzing nitrogen samples. Nutrient data are available for 40 of the 44 streams with long-term stations near the Gulf Coast and also for 30 of 32 streams with 1934-92 1940-92 1940-92 1940-92 1934-92 1939-92 1938-92 1922-92 1937-92 1937-92 1925-92 1940-92 1921-92 1924-92 1938-92 1938-92 1938-92 1934-92 1928-92 1939-92 1938-92 1943-92 1937-92 1938-92 1930-92 1928-92 1931-92 1942-92 1934-92 1939-92 1939-92 1930-92 1935-92 1944_92 1928-92 Salinity data for sites in bays and estuaries of the Gulf vary in period of record and frequency of measurements; much of the data was collected as part of short-term projects, and less than 2 years of data exist for most sites. About 2,400 sites have been sampled, and more than 1 million measurements of salinity have been made (Slade, 1992) .
TEMPORAL TRENDS AND DISTRIBUTIONS OF STREAMFLOW Temporal Trends
Long-term temporal trends in annual and monthly streamflow are indicated by substantial change in mean streamflow between the early and late periods for most of the 44 long-term stations. Substantial changes in annual and monthly streamflow for each of the 44 long-term stations are presented in tables 4-6.
The long-term trends represented by the substantial changes in monthly streamflow for the 44 longterm stations indicate a regional pattern. This pattern is observed in tables 4-6 where stations are sequentially numbered from west to east ( fig. 1) . Substantial increases or decreases in streamflow occurred for many months at most of the stations in Texas (stations 1-14). Few substantial changes occurred at stations near the Louisiana, Mississippi, and Alabama Coasts, and the northwest coast of Florida (stations 15-38). However, streamflow at stations located near the coast of westcentral Florida (stations 39-44) decreased substantially for many months.
Graphs of long-and short-term temporal trends in total gaged annual mean streamflow for the 12 hydrologic segments are presented in figures 2-13. The graph for each segment represents temporal trends in annual mean streamflow in that segment ( fig. 1 ).
Distributions
Regional similarities in the seasonal or monthly distributions of streamflow are evident for the 44 longterm stations along the Gulf Coast. These similarities are observed by comparing, for nearby stations, months when high or low streamflow occur ( fig. 1 and table 7) . Months of high or low streamflow are months for which the median streamflow represents the two highest or two lowest monthly values for a particular streamflow perspective and station. Months of high or low streamflow are the same or about the same for the following groups of stations: 3-8; 9-10; 12-17; 18-19; 20-32, 34-36, 38 ; and 39^4.
FACTORS ASSOCIATED WITH STREAMFLOW
Major factors that affect streamflow include precipitation, land use, withdrawals of surface water, reservoir operations, and other factors. The effects of each 
TEMPORAL TRENDS AND DISTRIBUTIONS OF STREAMFLOW
Precipitation
Precipitation is the primary factor that affects streamflow at most stations. Increased precipitation typically causes increased runoff and subsequent streamflow. For example, Greene and Slade (1995) partially attribute increases in streamflow for the Pearl River to increases in precipitation in that basin. The relation between precipitation and streamflow is dependent partly on soil type, soil moisture, and evapotranspiration.
Short-term temporal trends in streamflow relate to extremes in precipitation (droughts and floods) for many streams discharging to the Gulf of Mexico. Droughts affected northern Florida during 1932 -35, 1949 -57, and 1967 -69 (Paulson and others, 1991 . Decreases in streamflow are evident during 1949-57 and 1967-69 for short-term trends in total gaged annual mean streamflow for hydrologic segments 10-11 in northern Florida (figs. 1, 11-12). 1968-92 1968-92 1968-92 1968-92 1968-92 1968-92 1968-92 1968-92 1968-92 1968-92 1968-92 1968-85 1968-92 1968-92 1975-92 1978-92 1973-92 1973-85 1972-92 1977-92 1974-92 1975-85 1971-92 1971-92 1972-91 1968-92 1972-92 1971-92 1970-86 1971-92 1971-86 1971-92 1971- Stations that have similar distributions of monthly streamflow typically are located in areas of the United States with similar annual mean precipitation. Streamflow for stations in areas with similar precipitation, but with dissimilar distributions of monthly streamflow, probably is affected by factors other than precipitation.
Land Use
Land use in a watershed affects the land surface and infiltration of precipitation and thus affects the amount of surface runoff and streamflow. Urbanization increases impervious cover in a watershed. The increased impervious cover typically reduces the amount of infiltration and depression storage and therefore increases surface runoff and streamflow. Temporal increases in streamflow in Brays and Whiteoak Bayous is associated with increased urbanization in the watersheds of these bayous in Houston, Texas. Substantial changes in streamflow for these stations indicate increases in annual and monthly streamflow (tables 4 6, stations 9-10).
The variations between monthly distributions of streamflow for Brays and Whiteoak Bayous are similar, as indicated by months of high and low streamflows for these stations (table 7, stations 9-10). The months of high and low streamflow for these stations are different from those of stations with less urbanization.
Withdrawals of Surface Water
Withdrawals of surface water primarily include agricultural, industrial, and municipal use (Carr and others, 1990, p. 28 
Alabama (stations 15-27) have had few or no substantial decreases in streamflow (tables 4-6).
Since 1940, surface-water withdrawals have increased for several basins in Texas: nearly twofold for the Rio Grande (withdrawals from the United States), more than eightfold for the Nueces, more than threefold for the Colorado, more than fourfold for the Trinity, and nearly threefold for the Neches (Texas Natural Resources Conservation Commission, written commun., 1991) . Increased withdrawals probably contribute to decreased streamflow in these basins.
In Florida, increases in population, tourism, and irrigated acreage have caused increased withdrawals of surface water. Irrigation demands increased because of an increase in agricultural acreage (70,000 acres) from the late 1970's to the late 1980's (Florida Department of Agriculture and Consumer Services, 1986) . Large seasonal variations occur in withdrawals for irrigation of citrus crops in central Florida. Typically, relatively less precipitation and more irrigation takes place during spring (March, April, and May) than summer (July, August, and September) (Carr and others, 1990) . These monthly variances are evident in the streamflow distributions for the Anclote, Hillsborough, Alafia, Little Manatee, Myakka, and Peace Rivers in west-central Florida; streamflows are low during late spring (May and June) and high during late summer (August and September) for the stations on these rivers (table 7, stations 39-44) . Differences in short-term trends in streamflow between spring and summer months exist for the Anclote, Hillsborough, Alafia, and Little Manatee Rivers.
Reservoir Operations
Reservoirs store water for flood control, withdrawals, recreation, and other uses and can account for much water loss caused by evaporation and infiltration. For example, evaporation from the reservoirs on the Nueces River contributes to the reduction in streamflow to the Gulf from the Nueces River. Major reservoirs represent those with a normal storage capacity of at least 5,000 acre-ft or a maximum storage capacity of at least 25,000 acre-ft. Major reservoirs are present in 27 of the 44 basins studied, and the number of reservoirs for most of these basins has increased substantially.
Reservoir operations typically result in increases in minimum streamflow and decreases in maximum streamflow (Wolman, 1990) . Streamflow trends for stations on the Nueces, Brazos, and Neches Rivers in Texas indicate typical streamflow changes. Substantial increases in monthly minimum streamflow and decreases in monthly maximum streamflow occurred for several months for each of these stations (tables 5-6, stations 2, 8, 13). Greene and Slade (1995) reported that trends in annual streamflow indicate increases in minimum streamflow and decreases in maximum streamflow in the Trinity River in Texas and the Apalachicola River in Florida after construction of reservoirs in those basins. They reported that peak streamflows were reduced as much as 75 percent following reservoir construction in the upper reaches of the Trinity River, and peak streamflows to the Gulf from the Apalachicola River were reduced by 23 percent after the construction of Lake Seminole.
Other Factors
Factors other than precipitation, land use, withdrawals of surface water, and reservoir operations also can affect streamflow. Minimum streamflow can be affected by springflow, soil characteristics, and effluent discharges. For example, springflow partially affects minimum streamflow in the Guadalupe River in Texas; soil characteristics influence minimum streamflows in the Lavaca and Mission Rivers in Texas; and effluent discharges augment minimum streamflow in the San Antonio River in Texas and the Fenholloway River in Florida. Table 6 . Substantial percent change in mean values between two periods of monthly maximum daily mean streamflow and annual maximum daily mean streamflow for 44 long-term streamflow-gaging stations in the lower reaches of streams that discharge directly to the Gulf of Mexico Thirty percent of the total streamflow in both rivers is diverted to the Atchafalaya River through the Old River outflow channel near Simmesport, Louisiana, and 70 percent of the total streamflow is diverted to the Mississippi River (Wolman, 1990, p. 324; Slade, 1992) . This diversion results in increases in streamflow in the Atchafalaya River downstream from the diversion. Distributions of monthly streamflow and months of high and low streamflow for stations 18 and 19 are similar (table 7) , probably because of this diversion.
CONCLUSIONS
Temporal trends in streamflow for most longterm stations indicate changes in streamflow to the Gulf of Mexico. Precipitation is the principal factor that affects streamflow at most stations, but other factors, including those which are human related, also can have major effects on streamflow. Urbanization, withdrawals of surface water, and the number of reservoirs have increased in the basins for many streams discharging to the Gulf. The effects of these factors on the streamflow varies among streams. Table 7 . Months of high and low streamflow for monthly mean, monthly minimum daily mean, and monthly maximum daily mean streamflow for 44 long-term streamflow-gaging stations in the lower reaches of streams that discharge directly to the Gulf of Mexico 
